###### Strengths and limitations of this study

-   This study is the first to quantify the association between public health-recommended physical activity volume and concussion risk using prospectively collected injury data.

-   This investigation includes sensitivity analyses to facilitate transparency regarding the handling of missing and imputed data, and to quantify the impact on the findings.

-   This study does not include a comprehensive capture of the physical activity recommendations as there was no measure of intensity and relies on the subjective report of physical activity by the participant as well as the team designate.

-   The generalisability of the results of this investigation to the broader youth ice hockey population is limited by the lack of female youth ice hockey players and non-elite male ice hockey players aged 15--17 years.

Background {#s1}
==========

The estimated cost of physical inactivity in Canada is approximately \$C10 billion,[@R1] and the rate of inactivity among Canadian children and youth is staggering. An estimated 76% of Canadian children (aged 5--11 years) and youth (aged 12--17 years) participate in organised sport and physical activity (PA).[@R2] Yet, only 9%--20% are reported as participating in 60 min of 'moderate' (ie, 3--4 metabolic equivalents METs) to 'vigorous' (ie, 7 METs) daily PA recommended by the Canadian Society of Exercise Physiology, the Public Health Agency of Canada and their collaborative partners.[@R2] Although PA participation can improve health outcomes, it is also associated with increased injury risk, which can hinder or disrupt lifelong PA engagement.[@R5] There is a significant body of evidence to suggest that PA may contribute to injury risk reduction in paediatric populations.[@R6] There is an absence of literature, however, regarding the relationship between public health PA recommendations and injury, in any population.[@R9]

Identifying modifiable determinants of concussion is key to primary concussion prevention. There are two known studies that explore PA in this context,[@R9] and only one which included paediatric participants.[@R9] Hislop *et al* examined the injury prevention efficacy of a 20 min movement control programme among over 3000 English youth rugby players aged 14--18 years,[@R11] a sport with a high incidence of concussion in this age group.[@R12] The authors reported that teams who engaged in a 20 min coach-delivered warm up programme with feedback focused on balance, plyometrics, cutting and rugby-specific skills had approximately 29%--59% fewer concussions over the season than teams who received a control programme (ie, dynamic stretch, controlled wrestling, mobility/speed, no feedback).[@R11] Ice hockey is a popular sport among young Canadians, with 254 504 registrants between the ages of 11 and 17 years.[@R13] Concussions comprise up to 38.5% of all injuries in this age group.[@R14] The association between Canadian PA recommendations and concussion rates in youth ice hockey is currently unknown.

Methods {#s2}
=======

Study objective {#s2a}
---------------

The objective of this study was to explore the association between meeting the PA volume recommendations and concussion rates in ice hockey players aged 11--17 years.

Study design and sample acquisition {#s2b}
-----------------------------------

This investigation analysed data pooled from open prospective injury surveillance cohort studies conducted at the University of Calgary Sport Injury Prevention Research Centre between 2011 and 2015. The studies aimed to identify concussion risk factors, monitor developmental and postconcussion changes in physical and cognitive function, and evaluate body checking policy as an injury prevention strategy.

All players enrolled in the Elite Hockey Concussion Study (Ethics ID: E-24026), the Safe to Play Study (S2P) (Ethics ID: REB-14--2209) or the Alberta cohort of the Alberta Program in Youth Sport and Recreational Injury Prevention Program Hockey Research Study (CRIO) (Ethics ID: E-20252 and REB-14--0348) were eligible for inclusion in this investigation. Consent was obtained from each player and their parent/guardian.

While it was possible for players to have been simultaneously enrolled in both S2P and CRIO, they were given a common study ID to avoid data duplication. S2P was a 5-year longitudinal study. If an individual was participating in S2P, only the data from their first year of study enrolment was considered. Players were excluded if they did not complete the 6-week PA history questionnaire, if they did not provide practice and/or game participation exposure hours, or if they reported sustaining an injury or time loss due to injury within 6 weeks of study entry. The paucity of concussed female players who met the inclusion criteria led to the subsequent exclusion of female players from this investigation.

Participant involvement {#s2c}
-----------------------

Participants were not involved in development of the research question, study design, recruitment or conduction of this investigation.

Definitions and analytical design {#s2d}
---------------------------------

Players were asked to complete a baseline questionnaire with demographic and medical history information, as well as a retrospective 6-week history of their PA engagement on study entry. Players in the 2011 and 2013 cohorts completed the Physical Activity History Questionnaire (PAHQ) (online [supplementary file 1](#SP2){ref-type="supplementary-material"}), which was replaced in 2014--2015 with the Activity History Questionnaire (AHQ) (online [supplementary file 2](#SP1){ref-type="supplementary-material"}).
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The product of the hours per week and the number of weeks was calculated to provide an estimate of 6-week total physical education (PE) participation. For players who completed the PAHQ, the hours for extracurricular sports were summed, and then multiplied by 6 to produce an estimate of 6-week total extracurricular sport participation. For those players who completed the AHQ, the product of the hours per week and number of weeks was calculated for each sport. The hours for all sports were then summed to produce an estimate of 6-week total extracurricular sport participation. The 6-week PE participation and the 6-week extracurricular sport participation were summed to calculate 6-week total PA volume. The 6-week total PA volume was dichotomised at 42 hours to classify players according to whether or not they met the PA volume recommendations for the 6 weeks prior to study entry (ie, 42 hours or more).[@R4]

Players who were missing the hours per week and number of weeks of PE participation were assumed to not have had PE classes in the 6 weeks prior to study entry. The Alberta policy mandate of 5 hours of PE per week was used as a maximum cap for reported PE participation as well as to impute in the event that a player's hours per week of PE participation were missing, but the number of weeks was provided.[@R17] In the event that the number of weeks was missing, and the hours per week were provided, the number of weeks was imputed as the number of weeks from the first week of September in the study year to the date of the preseason questionnaire completion, to a maximum of 6 weeks. Players with 6-week total PA volumes of more than 186 hours were flagged as having invalid PA responses and excluded.

Players with suspected concussions were referred to a study sport medicine physician for assessment, diagnosis and management in accordance with the most recent International Conference on Concussion in Sport (ICCS) consensus statement at the time of study entry.[@R19] Players who chose to seek medical attention from non-study physicians were asked to provide a doctor's note verifying their diagnosis. The number of medically diagnosed concussions for each player was recorded. If a medically diagnosed concussion occurred during a period in which no participation exposure data were collected for that player, it was excluded from the analyses.

Team designates were asked to complete weekly exposure sheets that were used to estimate players' participation in on-ice hockey practices and games. Team-specific variables (eg, session date, session type, duration) and player-specific variables (eg, level of participation) were recorded. Team designates were instructed to assign full participation to individuals who were present and able to participate in 75% or more of a session. Individuals who were able to participate in \<75% of a session were assigned partial participation. No participation was assigned to individuals who were absent, or present but unable to participate. If a player was recorded as having reduced participation (ie, partial or none), the team designates were instructed to provide a reason (eg, injury, illness, other).

Players with missing or systematically incomplete participation exposure data (eg, the team designate only provided game participation hours) were excluded. Players who were recorded as partial participation were entered at 50% of the duration for that session. The imputation protocol was developed in consultation with the Data Management team lead (LP-D) and applied to the participation exposure data across the three studies.[@R21] The imputation of session duration was based on league-based normative practice (ie, 60 min) or game durations (ie, 75 min), as appropriate. The imputation of missing participation codes was based on individual player pattern of participation before and after the missing date.

Statistical analyses {#s2e}
--------------------

Data from each cohort were entered and stored in StudyTRAX,[@R22] Research Electronic Data Capture [@R23] or Microsoft Excel (2011), then merged, processed and analysed for the purposes of this investigation using STATA V.12.1.[@R24] Descriptive statistics (ie, frequencies and proportions for categorical variables; means, 95% CI, medians and IQRs for numerical variables) were calculated for player characteristics. Incidence rates (IRs) and 95% CI were calculated for outcome variables. Unadjusted concussion IRs and 95% CI were estimated based on the number of medically diagnosed concussions per 1000 participation hours. The association between meeting the PA volume recommendations (yes/no) and concussionrate are represented by concussion IR ratios (IRRs) and 95% CI, which were calculated via multivariable Poisson regression modelling. Effect modification and confounding by age group (Pee Wee/Bantam/Midget), competition level (elite (top 30% by division of play)/non-elite (lower 70% by division of play)), and previous history of concussion (PHC) (yes/no) were evaluated using stepwise backward elimination. The covariates were modelled separately, as the frequency and distribution of concussions did not support the inclusion of multiple covariates into a single model. Interaction between covariates was not evaluated. Models were adjusted for clustering by team and offset by participation hours. The p value was set at α\<0.05, and all hypothesis testing was two sided. Point estimates where the 95% CI did not cross the null (ie, 1.00) were considered significant. Sensitivity analyses were conducted to evaluate the influence of imputed PA and participation exposure data on the findings.

Results {#s3}
=======

A total of 1726 male ice hockey players were eligible for this investigation, with 162 players sustaining 186 medically diagnosed concussions. The application of the exclusion criteria resulted in a final dataset of 1208 players, including 93 individuals who sustained medically diagnosed concussions ([figure 1](#F1){ref-type="fig"}).

![Participant exclusion flow chart. AHQ, Activity History Questionnaire; PAHQ, Physical Activity History Questionnaire.](bmjopen-2018-022735f01){#F1}

Player characteristics are summarised in [table 1](#T1){ref-type="table"}.

###### 

Player characteristics by concussion and physical activity (PA) status

  ---------------------------------------------------------------------------------------------------------------------------------------------------------------
  Frequency (%)                                              Concussed (n=93)      Not concussed (n=1115)   Total (n=1208)                      
  ---------------------------------------------------------- --------------------- ------------------------ ----------------- ----------------- -----------------
  Enrolment year                                                                                                                                

   2011--2012                                                36 (61.02)            11 (32.35)               277 (33.02)       44 (15.94)        368 (30.47)

   2013--2014                                                13 (22.03)            11 (32.35)               396 (47.20)       130 (47.10)       550 (45.53)

   2014--2015                                                10 (16.95)            12 (35.30)               166 (19.78)       102 (36.96)       290 (24.00)

  Age group                                                                                                                                     

   Pee Wee (ages 11--12)                                     12 (20.34)            11 (32.35)               376 (44.82)       127 (46.02)       526 (43.54)

   Bantam (ages 13--14)                                      22 (37.29)            16 (47.06)               281 (33.49)       117 (42.39)       436 (36.09)

   Midget (ages 15--17)                                      25 (42.37)            7 (20.59)                182 (21.69)       32 (11.59)        246 (20.37)

  City                                                                                                                                          

   Calgary                                                   51 (86.44)            22 (64.71)               684 (81.53)       184 (66.67)       941 (77.90)

   Edmonton                                                  8 (13.56)             12 (35.29)               155 (18.47)       92 (33.33)        267 (23.10)

  Competition level                                                                                                                             

   Elite (upper 30%)                                         42 (71.19)            14 (41.18)               443 (52.80)       83 (30.01)        582 (48.18)

   Non-elite (lower 70%)                                     17 (28.81)            20 (58.82)               396 (47.20)       193 (69.93)       626 (51.82)

  Previous concussion history                                                                                                                   

   Yes                                                       25 (42.37)            15 (44.12)               277 (33.02)       70 (25.36)        387 (32.04)

   No                                                        32 (54.24)            17 (50.00)               559 (66.62)       177 (64.13)       785 (64.98)

   Missing                                                   2 (3.39)              2 (5.88)                 3 (0.36)          29 (10.51)        36 (2.98)

  Median days since most recent concussion at study entry\   633.5 (270--1508.5)   748 (243--1738)          589 (311--1061)   715 (359--1179)   635 (313--1195)
  (IQR)                                                                                                                                         
  ---------------------------------------------------------------------------------------------------------------------------------------------------------------

The unadjusted concussion rate for included players was 0.97/1000 participation hours (95% CI 0.78 to 1.19). Outcome variables are summarised in [table 2](#T2){ref-type="table"} by age group, PHC and competition level. No player sustained more than one medically diagnosed concussion during their included study period. Six of the 93 individuals who sustained a concussion (6.45%) were not managed by study staff (Pee Wee, has a PHC, did not meet the PA recommendations (n=1); Midget, has a PHC, met the PA recommendations (n=1); Midget, no concussion history, met the PA recommendations (n=3); Midget, no concussion history, did not meet the PA recommendations (n=1)). Approximately 68.21% of players provided a fully complete PA questionnaire; the remaining players' PA questionnaires contained incomplete data that were subsequently imputed. Approximately 4.43% of the participation data were incomplete and subsequently imputed. Sensitivity analyses indicated that the use of imputed data did not influence the interpretations of the regression analyses findings ([tables 3--5](#T3 T4 T5){ref-type="table"}).

###### 

Summary of concussion and physical activity (PA) variables by age group, previous history of concussion (PHC) and competition level

                                                                   Age group                PHC\*                    Competition level†                                                                                  
  ---------------------------------------------------------------- ------------------------ ------------------------ ------------------------ ------------------------ ------------------------ ------------------------ ------------------------
  Players (n)                                                      526                      436                      246                      387                      785                      336                      626
  Concussions (n)                                                  23                       38                       32                       40                       49                       24                       37
  Participation (hours)                                            30 265.5                 33 793.33                32 102.87                32 914.78                61 415.23                30 288.77                33 770.06
  Concussion IR/1000 participation hours (95% CI)                  0.76 (0.48 to 1.14)      1.13 (0.80 to 1.54)      1.00 (0.68 to 1.41)      1.22 (0.87 to 1.66)      0.80 (0.59 to 1.06)      0.79 (0.51 to 1.18)      1.10 (0.77 to 1.51)
  Median time to medical clearance to return to play, days (IQR)   21 (17--37)              15.5 (10--27)            15.5 (8.5--27)           17 (11--30)              16 (8--29)               16 (11--30)              20 (12--32)
  Median PA volume, hours (IQR)                                    54 (39--76)              60 (34.75--84)           72 (48--96)              62 (42--84)              60 (42--84)              66.5 (48--90)            51 (34--72)
  Percentage meeting the PA volume recommendations (95% CI)        73.76 (70.00 to 77.53)   69.50 (65.16 to 77.53)   84.15 (79.57 to 88.72)   78.04 (73.09 to 82.17)   75.29 (72.26 to 78.31)   82.74 (78.69 to 86.79)   65.97 (62.26 to 69.69)

\*Thirty-six players who did not provide response and were excluded.

†Pee Wee and Bantam players only.

###### 

Multivariable model: age group (adapted from Knol and Vander Weele)[@R25]

  ---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Age Group                                                                        Strata 1   Strata 2   RR (95% CI) of strata 1 versus strata 2   p value                                                                  
  -------------------------------------------------------------------------------- ---------- ---------- ----------------------------------------- --------- ---- ----- -------------------- --------- -------------------- -------
  Imputed participation exposure+imputed PA volume                                                                                                                                                                          

   Pee Wee                                                                         12         376        1.00\                                     NA        11   127   **2.94**\            0.010     **2.94**\            0.010
                                                                                                         (reference)                                                    **(1.30 to 6.64)**             **(1.30 to 6.64)**   

   Bantam                                                                          22         281        1.67\                                     0.122     16   117   **3.64**\            \<0.001   **2.18**\            0.009
                                                                                                         (0.87 to 3.19)                                                 **(1.81 to 7.34)**             **(1.21 to 3.93)**   

   Midget                                                                          25         182        1.80\                                     0.073     7    32    **2.46**\            0.027     1.37\                0.328
                                                                                                         (0.95 to 3.44)                                                 **(1.11 to 5.48)**             (0.73 to 2.55)       

  Sensitivity analysis 3.1: imputed participation exposure+raw PA volume                                                                                                                                                    

   Pee Wee                                                                         11         295        1.00\                                     NA        11   100   **3.14**\            0.008     **3.14**\            0.008
                                                                                                         (reference)                                                    **(1.36 to 7.28)**             **(1.36 to 7.28)**   

   Bantam                                                                          13         165        1.41\                                     0.362     10   74    **3.27**\            0.005     2.33\                0.014
                                                                                                         (0.68 to 2.94)                                                 **(1.44 to 7.43)**             **(1.19 to 4.55)**   

   Midget                                                                          9          110        0.96\                                     0.908     3    23    1.48\                0.592     1.54\                0.550
                                                                                                         (0.44 to 2.07)                                                 (0.36 to 6.10)                 (0.37 to 6.41)       

  Sensitivity analysis 3.2: raw imputed participation exposure+imputed PA volume                                                                                                                                            

   Pee Wee                                                                         12         376        1.00\                                     NA        11   127   **2.90**\            0.010     **2.90**\            0.010
                                                                                                         (reference)                                                    **(1.28 to 6.56)**             **(1.28 to 6.56)**   

   Bantam                                                                          22         281        1.64\                                     0.133     16   117   **3.67**\            \<0.001   **2.24**\            0.007
                                                                                                         (0.86 to 3.11)                                                 **(1.82 to 7.40)**             **(1.24 to 4.04)**   

   Midget                                                                          25         182        1.73\                                     0.095     7    32    **2.36**\            0.035     1.37\                0.328
                                                                                                         (0.91 to 3.30)                                                 **(1.06 to 5.25)**             (0.73 to 2.55)       

  Sensitivity analysis 3.3: raw participation exposure+raw PA volume                                                                                                                                                        

   Pee Wee                                                                         11         295        1.00\                                     NA        11   100   **3.10**\            0.008     **3.10**\            0.008
                                                                                                         (reference)                                                    **(1.34 to 7.19)**             **(1.34 to 7.19)**   

   Bantam                                                                          13         165        1.39\                                     0.383     10   74    **3.30**\            0.005     **2.38**\            0.012
                                                                                                         (0.67 to 2.88)                                                 **(1.45 to 7.54)**             **(1.21 to 4.70)**   

   Midget                                                                          9          110        0.91\                                     0.830     3    23    **1.41**\            0.636     1.53\                0.556
                                                                                                         (0.42 to1.99)                                                  **(0.34 to 5.82)**             (0.37 to 6.36)       
  ---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

Bolded, significant finding (ie, 95% CI do not cross 1.00).

Final model: log odds (number of concussions)=β~0~+β~1~(PA)+β~2~(age group)+β~3~(PA×age group), adjusted for clustering by team and offset by participation hours.

IRR, incidence rate ratio; NA, not applicable; PA, physical activity; RR, risk ratio.

###### 

Multivariable model: competition level---Pee Wee and Bantam players only (adapted from Knol and Vander Weele)[@R25]

  -------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Level of competition                                                             Strata 1   Strata 2   Risk ratio (95% CI) of strata 1 versus strata 2   p\                                                                   
                                                                                                                                                           value                                                                
  -------------------------------------------------------------------------------- ---------- ---------- ------------------------------------------------- ------- ---- ----- -------------------- ------- -------------------- -------
  Imputed participation exposure+imputed PA volume                                                                                                                                                                              

   Non-elite                                                                       17         396        1.00\                                             NA      20   193   **2.45**\            0.004   **2.45**\            0.004
                                                                                                         (reference)                                                          **(1.33 to 4.51)**           **(1.33 to 4.51)**   

   Elite                                                                           17         261        0.89\                                             0.735   7    51    2.00\                0.177   2.24\                0.054
                                                                                                         (0.46 to 1.74)                                                       (0.85 to 4.78)               (0.99 to 5.13)       

  Sensitivity analysis 4.1: imputed participation exposure+raw PA volume                                                                                                                                                        

   Non-elite                                                                       14         262        1.00\                                             NA      17   140   **2.36**\            0.009   **2.36**\            0.009
                                                                                                         (reference)                                                          **(1.24 to 4.46)**           **(1.30 to 4.46)**   

   Elite                                                                           10         198        0.61\                                             0.181   4    34    1.49\                0.480   2.47\                0.089
                                                                                                         (0.29 to 1.26)                                                       (0.49 to 4.51)               (0.88 to 6.99)       

  Sensitivity analysis 4.2: raw imputed participation exposure+imputed PA volume                                                                                                                                                

   Non-elite                                                                       17         396        1.00\                                             NA      20   193   **2.46**\            0.004   **2.46**\            0.004
                                                                                                         (reference)                                                          **(1.33 to 4.53)**           **(1.33 to 4.53)**   

   Elite                                                                           17         261        0.87\                                             0.683   7    51    1.97\                0.124   2.26\                0.052
                                                                                                         (0.45 to 1.69)                                                       (0.83 to 4.68)               (0.99 to 5.14)       

  Sensitivity analysis 4.3: raw participation exposure+raw PA volume                                                                                                                                                            

   Non-elite                                                                       14         262        1.00\                                             NA      17   140   **2.37**\            0.009   **2.37**\            0.009
                                                                                                         (reference)                                                          **(1.24 to 4.49)**           **(1.24 to 4.49)**   

   Elite                                                                           10         198        0.59\                                             0.157   4    34    1.42\                0.553   2.41\                0.097
                                                                                                         (0.28 to 1.23)                                                       (0.47 to 4.31)               (0.85 to 6.84)       
  -------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

Bolded, significant finding (ie, 95% CI do not cross 1.00).

Final model: log odds (number of concussions)=β~0~+β~1~(PA)+β~2~(competition level)+β~3~(PA×competition level), adjusted for clustering by team and offset by participation hours.

IRR, incidence rate ratio; NA, not applicable; PA, physical activity.

###### 

Multivariable model: previous concussion history (PHC)

  ---------------------------------------------------------------------------------------------------------------------------------------------------------------
                                                                           Crude risk ratio\         p value   Risk ratio adjusted for PHC\* (95% CI)   p value
                                                                           (95% CI)                                                                     
  ------------------------------------------------------------------------ ------------------------- --------- ---------------------------------------- ---------
  Imputed participation exposure+imputed PA volume                         **2.05 (1.40 to 3.01)**   \<0.001   **2.17 (1.49 to 3.18)**                  \<0.001

  Sensitivity analysis 5.1: imputed participation exposure+raw PA volume   **2.50 (1.54 to 4.08)**   \<0.001   **2.65 (1.61 to 4.36)**                  \<0.001

  Sensitivity analysis 5.2: raw participation exposure+imputed PA volume   **2.07 (1.41 to 3.04)**   \<0.001   **2.18 (1.49 to 3.18)**                  \<0.001

  Sensitivity analysis 5.3: raw participation exposure+raw PA volume       **2.52 (1.54 to 4.10)**   \<0.001   **2.62 (1.59 to 4.34)**                  \<0.001
  ---------------------------------------------------------------------------------------------------------------------------------------------------------------

Bolded=significant finding (ie, 95% CI do not cross 1.00).

Final model: log odds (number of concussions)=β~0~+β~1~(PA), adjusted for clustering by team and offset by participation hours.

\*Thirty-six players who did not provide response regarding PHC were excluded.

PA, physical activity.

Players who completed the PAHQ reported engaging in a median of 60 (IQR 42--84) hours in the 6 weeks prior to study entry. Players who completed the AHQ reported engaging in a median of 57 (IQR 38--83) hours in the 6 weeks prior to study entry. Approximately 65.05% of players who sustained concussions, and 75.34% of players who did not sustain concussions reported meeting the Canadian PA volume recommendations for children and youth of 1 hour daily in the 6 weeks prior to study entry (ie, 42 hours over 6 weeks).

The association between meeting the PA volume recommendations and concussion rate was modified by age group ([table 3](#T3){ref-type="table"})[@R25] and competition level ([table 4](#T4){ref-type="table"}).[@R25]

The concussion rate among male Pee Wee ice hockey players who did not meet the PA volume recommendations was 2.94 (95% CI 1.30 to 6.64) times the concussion rate of male Pee Wee ice hockey players who met the PA volume recommendations. Male Bantam ice hockey players who did not meet the PA volume recommendations had 2.18 (95% CI 1.21 to 3.93) times the concussion rate of male Bantam ice hockey players who met the PA volume recommendations. The concussion rate in male Midget ice hockey players who did not meet the PA volume recommendations was not significantly different than male Midget ice hockey players who met the PA volume recommendations (IRR 1.37, 95% CI 0.73 to 2.56).

The concussion rate among non-elite Pee Wee and Bantam male ice hockey players who did not meet the PA volume recommendations was 2.45 (95% CI 1.33 to 4.51) times the concussion rate in non-elite players who met the PA volume recommendations. The concussion rate in elite male Pee Wee and Bantam ice hockey players who did not meet the PA volume recommendations was not significantly different than elite players who met the PA volume recommendations (IRR 2.24, 95% CI 0.99 to 5.13). There was no evidence of confounding or effect modification by PHC ([table 5](#T5){ref-type="table"}).

Discussion {#s4}
==========

The paradoxical relationship between PA and injury risk has been used to illustrate why sport injury prevention should be viewed as a public health issue, particularly in youth.[@R5] The concussion rates of male Pee Wee, Bantam and non-elite ice hockey players ages 11--14 years who did not report participating in an average of 1 hour of PA daily in the 6 weeks prior to study entry were more than twice the rates of their counterparts who reported averaging at least 1 hour of daily PA. These findings illustrate proof of concept for the inclusion of PA metrics in future primary concussion prevention research development, and intervention implementation initiatives.

The study population was comprised of individuals registered in extracurricular organised ice hockey, yet approximately one in four players reported not meeting the PA volume recommendations. This aligns with the findings of previous research,[@R2] despite the fact that previous investigations were conducted with participants from the general population, rather than active sport participants. A review of Canadian child and youth PA indicators from 2005 to 2016 reported that positive change in structural PA indicators (eg, infrastructure availability, policy implementation and funding) did not translate into positive change in behavioural PA indicators (eg, organised sport, active transport, sedentary behaviour).[@R26] Barnes and Tremblay suggest that a shift in focus towards targeting behavioural PA indicators, and that 'alternative approaches' may be required.[@R26] The findings of this investigation, combined with previous research illustrating the detrimental impact of injury on team performance,[@R27] provide points of convergence for public health and sport injury prevention stakeholders. Reframing the PA recommendations as performance enhancing, targeting organised youth ice hockey registrants and engaging coaches as PA champions are examples of strategies that represent a departure from current health promotion approaches that may warrant further study.

The role of previously evaluated variables such as concussion history, age group and competition level in this investigation was somewhat unexpected. Previous history of concussion has been a widely reported determinant of concussion in this population, whereas the impact of age group and competition level have been more equivocal.[@R12] In this investigation, age group and competition level appear to influence the relationship between PA volume recommendations and concussion rate, while concussion history does not. The results illustrate the value of multivariable analyses in the identification and contextualisation of injury determinants.[@R29]

The factors underpinning the association between the PA volume recommendations and concussion are unknown, but frameworks such as the Training-Injury Prevention Paradox model (T-IPP) may provide some insight. The T-IPP posits that training programmes resulting in sudden, rapid load increases are a critical determinant of non-contact soft-tissue injuries, rather than the volume of the training itself.[@R30] Applied to this investigation, this premise would suggest that the PA recommendations were representative of participants' preparedness to accept the hockey-related training demands they were exposed to during the study period. The T-IPP has not previously been applied in ice hockey populations, nor with concussion as the outcome of interest. Future research including measures of training volume and response to training volume would help to illustrate whether the tenets of the T-IPP could help explain the association between PA volume and concussion in youth ice hockey.

Limitations {#s4a}
-----------

This study is not without limitations. Missing, incomplete and potentially invalid data resulted in the exclusion of over 300 male youth ice hockey players who were included in the three prospective cohort studies, as well as the imputation of participation hours and PA volume. Additionally, the inclusion criteria for each cohort differed such that the role of known concussion determinants (eg, participation exposure to body checking) and the interaction between covariates could not be evaluated. The concussion incidence distribution resulted in age group and competition level strata that were underpowered, increasing the risk of type II error. Issues related to data pooling could be significantly reduced, if not resolved, in future studies specifically designed to address objectives related to PA and concussion risk. Technology-based injury surveillance systems could be used to identify skipped questions and invalid responses in real time, and reduce errors associated with multistep, paper-and-pen data collection and data entry.[@R31] Research validating technology-based injury surveillance systems is needed to demonstrate their feasibility in community-based youth ice hockey populations. These findings---particularly competition level, where the point estimates of each stratum were very close, and the CI in the elite strata just barely crossed the null---need to be reproduced in future research with appropriate power.

PA volume estimates were based on self-report, thus were susceptible to recall and social desirability biases.[@R35] These biases would overestimate PA volume, regardless of whether or not a player had sustained a concussion. This would result in non-differential misclassification error, and bias the results towards the null. Future studies that use more objective measures of PA volume, or measures with greater psychometric rigour, will be less susceptible to these biases and improve the precision of effect size of PA volume as a concussion risk factor in youth ice hockey players.

Suspected concussions that were not confirmed by a medical physician were not included in this investigation. Individuals who sustained a concussion may have been erroneously classified as not having sustained a concussion. This may have occurred regardless of whether or not the PA volume recommendations were met, resulting in non-differential misclassification errors that bias the results towards the null. It is possible the six participants managed by physicians external to the study did not meet the ICCS concussion definition used to identify concussions in this study, as the diagnostic criteria of external physicians is unknown. The distribution of these participants would result in differential misclassification errors that would bias the findings towards the null in the age group and concussion history analyses. As only one participant was included in the competition level analyses, any bias towards the null resulting from the differential misclassification error would likely be minimal.

While these findings are compelling, this investigation does not include a comprehensive capture of PA. PA involving transportation (eg, biking to school), occupation (eg, lifeguarding) or errands and chores (eg, dog walking) was not captured. The concussion risk associated with PA as a continuous variable cannot be extrapolated from these findings. PA volume in isolation is not a proxy for physical fitness, so the results of this investigation cannot be used to infer a relationship between concussion risk and the participants' physical fitness. Future research should consider more comprehensive measures of PA volume, the inclusion of measures of PA intensity, duration and distribution, as well as metrics of sedentary behaviour.

The absence of female youth ice hockey players and non-elite male Midget players, as well as limiting the recruitment areas to large Canadian cities in a single province limits the generalisability of these findings to the broader youth ice hockey community. The results of this investigation, however, could be used to calculate a priori sample size estimates for future research with more diverse representations of youth ice hockey.

Conclusion {#s5}
==========

Male Pee Wee, Bantam, and non-elite level ice hockey players who did not meet the Canadian PA volume recommendations had rates of concussion more than twice that of their counterparts who met the Canadian PA volume recommendations. This relationship was not observed among Midget or elite players. Concussion history was not found to significantly influence the relationship between PA volume recommendations and concussion rates in male ice hockey players. This is the first known investigation to evaluate the implications of adherence to public health-driven PA volume recommendations from a sport injury prevention perspective. Despite its limitations, the findings from this investigation suggest that further research evaluating the association of PA and concussion risk and the implications for public health PA recommendations in a sport injury prevention context is warranted.
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